A systematic design of an optimal control structure for the SHARON-Anammox nitrogen removal process is studied. The methodology incorporates two novel features to assess the controllability of the design variables candidate for the regulatory control layer: (i) H∞ control method, which formulates the control problem as a mathematical optimization problem, and (ii) close-loop disturbance gain (CLDG) plots. It is shown that the methodology is especially appropriate for bioreactors. The solution of the mixed sensitivity stacked H∞ control problem ranked the combinations of controlled variables (CVs). The best candidates to CVs were paired with the manipulated variables using the relative gain array. The proposed control structure was further analyzed and verified for disturbance rejection using the CLDG plots. The optimal pairing of CVs with the actuators ( kLa and acid/base addition) is found to be dissolved oxygen (DO) and pH in the SHARON reactor. Furthermore, to relate the controller actions to process operation objective, nitrogen removal efficiency, two cascade control systems are designed. The first cascade loop controls TNN/TAN ratio in the influent to the Anammox reactor by adjusting the set point for DO in the regulatory layer, while the second cascade loop controls the nitrogen removal efficiency (i.e. effluent TNN and TAN) by adjusting the TNN/TAN ratio at the effluent of the SHARON reactor. The control system is evaluated and benchmarked using a set of realistic dynamic scenario simulations, demonstrating that the different control strategies successfully maintain stable and high nitrogen removal efficiency. The nested cascade control structure shows the best performance, removing up to 95% of the influent ammonia. Both the control design methodology and the resulting optimal control structures are expected to contribute to stable operation and control of these emerging nitrogen removal technologies.
INTRODUCTION
Complete autotrophic nitrogen removal (CANR) is especially suitable for wastewaters containing high concentrations of nitrogen and low organic carbon loads, such as sludge digestion liquor, landfill leachate or especial industrial wastewaters [1] . Autotrophic nitrogen removal is a sequence of two different processes carried out by two different microbial groups. In a first step (Eq. (1)), named partial nitritation, ammonium (NH 4 + ) is partially converted to nitrite (NO 2 − ) by ammonia oxidizing bacteria (AOB). Then, anaerobic ammonia oxidizing bacteria (AnAOB) oxidize the remaining NH 4 + using the produced NO 2 − as electron acceptor, thereby producing nitrogen gas (N2) [2] . This process (Eq. (2)) is referred to as anaerobic ammonia oxidation or Anammox process. CANR presents some advantages compared with conventional nitrification-denitrification: i) there is no need of external carbon sources when organic carbon is not present in the influent; ii) lower aeration costs (up to 63% cost reduction [3] ); and iii) sludge production is comparably low (90% sludge reduction [4] ). However, due to the low growth rate of the Anammox bacteria, reactors have to be equipped with retention systems, such as membranes or carriers. This process can be implemented in two possible configurations: (i) as a sequence of two bioreactors so called two stages systems and (ii) as a single biofilm reactor also called one stage system. The control of one stage CANR technology operated as a continuous system and as a sequencing batch reactor (SBR) has been previously addressed [5] [6] . In this study we focus on the synthesis of a control structure for the two-stage SHARON-Anammox process.
Other bacterial groups present in CANR systems limit the range of operating conditions possible in the process. For instance, nitrite oxidizing bacteria (NOB) compete with AnAOB for nitrite and with AOB for oxygen. As NOB can only grow under aerobic conditions, they have to be washed out from the SHARON reactor by operating comparably high temperatures (30 °C) and short solid retention times (SRT) of 1 day approximately [7] . NOB can be also removed by operating the reactor at comparably low oxygen concentrations, thus inhibiting their activity [8] . Finally, NOB activity can be hindered by regulating pH, as these bacteria are more sensitive than AOB to free ammonia inhibition [9] . Heterotrophic bacteria are also present in these systems, growing on the bioavailable chemical oxygen demand (COD) present in the influent and on the decay products from biomass [10] . Heterotrophic activity impacts on nitrogen removal by competing for oxygen with AOB and by denitrifying the nitrate or nitrite produced by autotrophs [11] . Heterotrophs cannot be washed out from the system due to their faster growth rates in comparison with AOB under aerobic conditions. Hence, it is important to develop control systems able to keep the desirable operation of the CANR system when the COD load is comparably high, thereby compromising nitrogen removal [5] .
Usually it is assumed that by controlling the partial nitratiation is enough to achieve a high nitrogen removal. Therefore, previous research has done an effort to control the ratio between nitrite and ammonia (TNN/TAN ratio) in the effluent of the SHARON reactor [12] [13] [14] [15] . In that work, focus is made on regulating the SHARON reactor in order to provide an optimal influent for the Anammox reactor, independently of the actual performance of the downstream reactor. However, it has been reported that operational conditions in the Anammox reactor, as pH, can also limit the nitrogen removal [16] . By applying the proposed control strategies, the operation conditions of the SHARON reactor may not change even the performance of the Anammox reactor does (e.g. performance change due to bacterial community change). Most of the full scale implementations of CANR have available the different online measurements needed to implement these control strategies. However, most of the implemented control strategies focus on keeping the desirable pH or dissolve oxygen (DO) level while ammonia, nitrite and nitrate are used for monitoring rather than for control purposes [17] .
We consider that, given the available monitoring systems, it will be possible to improve the controllability of the two-stage system by operating the SHARON reactor taking into account the process performance of the downstream Anammox. Therefore, the goal of this contribution is to present a stepwise systematic assessment and design of a control system for the CANR process in two reactor configuration. To this end, we use a plantwide control procedure [18] , which has been previously found as suitable systematic approach for control structure design in wastewater treatment plants [19] . An important challenge in the design of control structures for wastewater treatment units, and generally for bioreactors, is the scarcity of control degrees of freedom (i.e. actuators). Since the number of potential controlled variables is usually large, the pairing with the actuators is not straightforward. A possible approach is to address only the regulation of the process with the variables that are best controlled by the actuators (e.g. control DO concentration by manipulating aeration), without taking into account the interactions between loops when there is more than one controlled variable. On the other hand, it is tempting to control variables that relate directly to the performance of the process (e.g. in this case the nitrogen species concentration) in order to achieve an optimal operation. However, such variables may be difficult to control by the available actuators. More systematic approaches have been proposed to tackle the pairing of controlled and manipulated variables in the regulatory layer, like the use of the relative gain array [20] or sensitivity analysis [21] . In contrast, we apply for the first time controllability indicators based the use of H∞ design and closed loop disturbance gain (CLDG) plots for the selection controlled variables (CVs) in bioreactors. The methodology combines two important paradigms of classical control i) set-point tracking: highest sensitivity of controlled variable to manipulated variable while considering the loop interactions; and ii) disturbance rejection: lowest sensitivity of controlled variable to disturbances. The use of these tools is integrated in a plantwide control procedure and specifically adapted to the design of control structure in wastewater treatment plants (WWTPs).
The main parts of this paper are: i) a brief description of the model and the scenario used as case study; ii) presentation of the adapted methodology for control structure design for wastewater treatment processes; and iii) application of the methodology to design an optimal control structure for the SHARON-Anammox system, iv) evaluation.
MATERIALS AND METHODS

System description
The case study used in this work is adapted from an experimental description previously reported [22] . The SHARON reactor is a continuous stirred tank reactor (CSTR) with a volume of 4 L and a hydraulic retention time (HRT) of 1 day. The nominal levels of DO concentration and pH are optimized through scenario-based simulations with respect to the objectives of the process in relation with nitrogen removal, while the temperature is set at 35 ⁰C. Influent composition is 700 Ng m -3 of total nitrogen from ammonia (TAN), 600 C-g m -3 of bicarbonate (equimolar to TAN) and 100 COD-g m -3 of readily biodegradable organic matter (SS), while the influent pH is 8. The Anammox reactor is modeled as a 20 L CSTR with a membrane as solid retention system to allow AnAOB growth. Temperature in this reactor is 30 ⁰C and pH 8.
Reactor modelling:
The model used to describe the process is adapted from previous research in the field [7] . Both compartments were modeled as CSTRs. Assuming that the reactor hold-up and all the flows have the same constant density, the global and individual mass balances are:
where F stands for the volumetric flows, C for the concentrations, r for the reaction rates and V for the volume of the reactor. The subscripts IN and OUT stand for inflow and outflow respectively, i for the different influents to the reactor, j for the different components and superscript * for the concentration that would be in equilibrium with the gas phase. The considered soluble compounds are total nitrogen from ammonia (TAN= NH4 + +NH3), total nitrogen from nitrite (TNN=HNO2+NO2 -), total inorganic carbon (TIC= CO2+HCO3   -+CO3   2- ), nitrate, nitrogen, oxygen, readily biodegradable organic matter (Ss) and charge not involved in biological processes (Z), while the particulate ones are ammonia oxidizing bacteria (XAOB), nitrite oxidizing bacteria (XNOB), anaerobic ammonia oxidizing bacteria (XAnAOB), heterotrophic bacteria (XHB), slow biodegradable organic matter (XS) and inert particulate matter (XI). The individual mass balances are set for the lumped compounds as well as O2, NO3 -, Ss, Z and particulate compounds. The individual mass balance is modified when particulate compounds are modeled in the Anammox reactor, taking into account the retention system (e.g. membrane separation):
where R is the fraction of sludge retained in the Annamox reactor.
Ten different biological processes are included in both reactors models. The stoichiometric matrix and the expressions of microbial growth and decay rates of all bacteria groups for both reactors have been taken from Vangsgaard et al., (2012) [23] and are described in detail in the supplementary material (SI-1).
Microbial activity affects to the pH since reactions imply a production (partial nitritation, Eq. (1)) or consumption (Anammox process, Eq. (2)) of protons. At the same time, pH has two different effects on the bacterial activity. On one hand, pH impacts on the speciation and as a consequence the concentration of NH3 and HNO2. These neutral species, rather than the ionized form, are the real substrates or inhibitors of autotrophic bacteria [9, 24] . On the other hand, bacterial activity is affected by pH. In order to account with the second effect, maximum microbial growth rate of the different bacterial groups is modeled as suggested by van Hulle et al. (2007) [25] . The pH is determined solving the corresponding mass balances, equilibrium equations and charge balance. The resulted system of 13 nonlinear equations is solved by a multidimensional Newton-Raphson method adapted from Vangsgaard et al. (2013) [26] also shown in the supplementary material.
Sensors and actuators are modelled as ideal (immediate response with perfect accuracy) given the slow response of the system.
The model was implemented and solved in Simulink environment in MATLAB R2009b (The MathWorks, Natick, MA). Further details about the models and their implementation are provided in the supplementary information (SI-1). Additionally, Matlab control toolbox algorithms were used to perform frequency response analysis for the CLDG plots.
CONTROL DESIGN PROCEDURE
The control structure design is based on a modification of the plantwide control procedure proposed by Larson and Skogestad (2000) [18] consisting of a top-down analysis and bottom-up design. The procedure is modified to include two novel features to solve the optimal regulatory control layer problem: i) H∞ control method for screening and ranking controlled variable candidates; and ii) CLDG to assess the optimal pairing of controlled variables for disturbance rejection.
Step 1: Goal definition and process optimization
The top-down analysis starts by defining the goal(s) of the process. As a second step, the process is optimized through scenario simulations. To this end, we considered as criterion of optimal operation to produce an effluent TNN/TAN ratio of 1.3 in the SHARON reactor, yielding to the highest nitrogen removal based on the process stoichiometry (Eq. 1 and 2). DO and pH were the operation conditions chosen to optimize the process performance. Bounds considered were between 6.8 and 7.8 for pH, and between 0 g m -3 and 0.5 g m -3 for DO. Simulations were run for each pair of values of oxygen and pH until the steady state was reached. In particular, the ratio between TNN and TAN was recorded.
Step 2: Degrees of freedom analysis
The set of variables that can be measured are identified, as well as the set of actuators that can be used to dynamically manipulate the operation (analysis of control degrees of freedom). These two sets identify the candidates to controlled variables (CVs) and manipulated variables (MVs) respectively.
3.3
Step 3: Ranking of controlled variables based on controllability criteria using H∞ analysis
The selection of CVs is done by adapting a procedure presented by Jahanshahi et al. (2012) [27] which, for each possible combination of CVs, solves a mixed-sensitivity stacked H∞ control problem [28] . The basic idea of the procedure is to specify a desired loop shape for one or several closed-loop functions and then find the controller that minimizes the H∞ norm (the maximum singular value of the closed-loop functions for the whole bandwidth considered). Hence, the H∞ norm is defined as:
where � indicates the maximum singular values and F is any closed-loop transfer function depending on the plant (G) and the controller (C). The sensitivity (S) and complementary sensitivity function (T) are defined as:
Hence, the mixed sensitivity stacked problem consists on finding the controller that minimizes the H∞ norm, formulated as:
where Wi are the matrices of the weighting functions for each of the closed-loop transfer functions, namely i) CS, which must be bounded to penalize large inputs, ii) T which must be bounded to ensure robustness and low sensitivity to noise, and iii) S which must be bounded for performance (disturbance rejection and set point tracking). The weighting functions are usually defined in order to shape appropriately each of the closed-loop transfer functions, e.g. a low-pass filter for the elements of Wp will force S to be small over the same low frequencies and leads to good disturbance rejection [28] .
The solution to this optimization problem leads to a stabilizing controller, C, which satisfies the following inequalities:
Hence, γ is a bound of the peaks of the closed-loop transfer functions (strictly, of the maximum singular values) and can be seen as a measure of controllability, i.e. a low γ will indicate good controllability and is a criterion for CV selection. The controller resulting from this optimization is in general a state controller with the same number of states as the plant.
3. 4 Step 4. Pairing of the controlled variables with the manipulated variables using the relative gain array
The relative gain array (RGA) is calculated as follows:
where G is the plant transfer function and ⨂ denotes the element by element multiplication.
The RGA matrix represents the influence of the other control loops on a certain output. If the value of a λij, which is the element ''ij'' of the RGA, is close to one and the other RGA elements of the same row are close to zero, the output ''i'' in the pair ''ij'' is not affected by the other control loops [29] .
The RGA should be calculated for the best candidates for CVs. If the RGA reveals high interaction between the control loops the next candidates for CVs according to the ranking from step 3 should be analysed until a suitable pairing is found.
3.5
Step 5. Evaluation of the control structure based on disturbance rejection using closed-loop disturbance gain plots
The disturbance effects on the candidates to CVs paired with the different MVs are characterized by the CLDG defined as:
where G is the plant transfer function, diag(G) is the matrix consisting of diagonal elements of G and Gd is the disturbance transfer function. The magnitude of the CLDG element δij indicates the effect of the ith disturbance on the jth controlled variable at any given frequency. If the variables are suitably scaled, a δij lower than 1 indicates that the disturbance will not lead the controlled variable to an unacceptable offset [30] .
The CLDG plots should be evaluated for the candidates for CVs found as optimal from steps 3 and 4. This step serves as a verification of the pairing given by the RGA and as an assessment of the impact of the disturbances on the system. In a number of cases, in particular downstream processes, the disturbances can be well characterized and this information can be used by determining the CLDG elements. If the disturbances lead the CVs to unacceptable offset the next candidates for CVs according to the ranking from step 3 should be analysed until a suitable pairing is found according to both RGA and CLDG plots.
Step 6. Controller tuning
Once the pairing of controlled and manipulated variables is done, all controllers are tuned using the internal model control (IMC) guidelines [29] . All the controllers used in this work are proportionalintegral controllers (PI).
Step 7. Supervisory layer design
The regulatory control layer has been designed to keep stable operation under dynamic conditions. However, if the objectives of the operation are not properly represented by the CVs, a supervisory layer can be needed to better relate the process objectives and the CVs. The supervisory layer can be done as cascaded linear controllers, model predictive control, etc.
Step 8. Evaluation
Finally, the control structures are assessed through dynamic simulations. In this work, the three proposed control structures were tested for disturbance rejection using a simulated influent used for benchmarking. The selected influent is the benchmark simulating model 2 (BSM2 [31] ) outflow of the anaerobic digester for 30 days (Fig. 1) . The influent accounts with diurnal and weekly variations in flow rate and rainfall.
<Fig.1>
Commonly, two types of performance indicators can be determined:
i) the performance on the error (e.g. the integral of absolute error -IAE, Eq. (13)), which measures the offset of the controlled variables,
ii) the penalty on moves (e.g. the total variance (TV, Eq. (14)) of manipulated variables, which represents the variations in control action needed to reject the disturbance.
In addition, performance and economic indicators can be included in order to better compare the different control strategies. In this case study we use nitrogen removal efficiency as performance indicator, while as economic indicators we use the aeration energy demand [32] and the chemical dosing needed to control pH.
The different steps of the proposed methodology are summarized in Table 1 . The SHARON-Anammox reactor sequence is used in the treatment plant to remove nitrogen from high strength waste waters with low content on organic carbon. Therefore, the goal of the control system is to achieve a high and stable nitrogen removal.
Based on stoichiometry (Eq. (1) and (2)), nitrogen removal is optimal when the effluent of the SHARON reactor has TNN/TAN ratio of 1.3. Accordingly, the optimal operation conditions in the SHARON reactor are determined mapping the effect of pH and DO on the performance of the reactor (Fig. 2) . The TNN/TAN ratio shows an optimal point at pH 7.3 and a monotonous increase with DO which stabilizes asymptotically for excess of oxygen (Fig. 2) . Therefore, in order to operate at minimum DO, and as a consequence decrease the needs of aeration, the selected operating conditions are pH=7.3 and DO=0.2 g m -3 , corresponding to a ratio TNN/TAN of 1.3. Found values are in close agreement with the set points reported by [3] . They chose as optimal pH 7.23, based on the maximum microbial growth rate dependency on pH for autotrophic bacteria [25] , while the oxygen set point was initially set to 1.5 g m -3 . However, when the oxygen set point was controlled by the master control loop based on measurements of TNN/TAN in the SHARON effluent, the oxygen level was drastically lowered to a value close to 0.1 g m -3 . <Figure 2>
Step 2: Degrees of freedom analysis
As stated earlier, the goal of the SHARON reactor is to provide a stable feed for the Anammox reactor with a molar ratio TNN/TAN of 1.3. This objective can be achieved using the molar ratio TNN/TAN as a CV. However, in order to keep a stable operation, other variables have to be controlled, as DO, pH or HRT. There are three available actuators or degrees of freedom in the SHARON reactor: i) the air supply, modelled through the kLa; ii) the acid (98% H2SO4) or base (50% NaOH) flows into the reactor; and c) the effluent flow rate. If the SHARON reactor is directly fed from a digester, the influent flow rate is a disturbance and therefore the level has to be controlled using the outflow as a MV. As a consequence, there are only two degrees of freedom left: aeration and the acid or base flow. In case of the Anammox reactor, there is only one actuator available: the base flow rate which is used for pH control. Hence control degrees of freedom become zero, which requires the design of cascade controllers as further explored in the step 6 of this analysis (supervisory control layer design). The identified CVs, MVs and disturbances are summarized in Fig. 3 . <Figure 3>
4.3
Previous to this analysis, the transfer functions of the plant have been estimated ( (0.27 min -1 ) and as the same for every output, considering a sampling interval of 20 s for each probe.
-Tight control at low frequency while keeping a limited input action is achieved with the following weight where the adjustable frequency is the previously defined bandwidth:
= + -Finally, the weight WT was defined to ensure that T is small at high frequencies and decrease the sensitivity to instrumental noise. Hence, the elements WTi are small at low frequencies but grow at high frequencies:
The solution of the mixed sensitivity stacked problem is characterized by the parameter γ which, as mentioned, can be used as a controllability criterion. The candidates to CVs are ranked according to γ (Table 3) . <Table 3>
4. 4 Step 4. Pairing of the controlled variables with the manipulated variables using relative gain array
The RGA for the best pair of CVs is presented in Table 4 :
The RGA suggests pairing the pH with the acid/base flow rate and the DO with the kLa as the RGA elements are closest to 1 for this pairing. Therefore, this pairing is considered suitable and will be further analyzed by the CLDG plots in the next step for disturbance rejection.
4.5
The MVs were scaled around their nominal values and the disturbances ±5% (ammonium load, inorganic carbon load), ±20% (biodegradable COD) or ±30% (flow) of their nominal values. The CVs were scaled in the following way: the maximum offset considered for the ratio TNN/TAN was ±0.3. Then, the equivalent deviation in DO and pH was determined with the data from Fig. 2 , resulting in 0.01 g m -3 for DO and 0.2 units for pH. For TAN and TNN the maximum offset was considered as 40 mg/L. Details of the transfer functions for the disturbances (Gd) can be found in the supplementary information (SI-3).
The CLDG plots show the gain response for different frequencies. Fig. 4 shows that, within the variation considered, the change of inorganic carbon input has the most severe effect of all the disturbances and control action would be required in every case, quite likely due to the effect that it has on pH, and as consequence on substrate concentrations, and to the stoichiometric imbalance between TAN and TIC. On the other hand, changes in the biodegradable COD have a limited effect over the screened CVs.
The DO-pH alternative is relatively unaffected by the disturbances, with exception of the TIC input variations. This is an intuitive alternative for regulation, since they are affected mainly by one of the actuators but, as a drawback, it is difficult to link with optimization objectives.
<Figure 4>
According to the CLDG plots the control structure outcome of the RGA performs best in terms of disturbance rejection. Therefore, the design of a feasible regulatory control layer is suggested as shown in Fig. 5 .
<Figure 5>
Note that steps 3, 4 and 5 have been done only for the SHARON reactor. Since the Anammox reactor is run at anoxic conditions, only one actuator can be used upon it: the addition of acid or base to regulate the pH.
Step 6. Controller tuning
Once the pairing is done, the controllers have to be tuned. In this case, all controllers are PI controllers and were tuned using the IMC guidelines. Tuning parameters are shown in Table 5 .
Step 7. Supervisory layer design
The proposed control structure regulates the SHARON reactor, keeping a stable pH and oxygen level. However, if the influent quality varies, the effluent TNN/TAN ratio will vary, as DO and pH set points were found for a specific influent composition. Optimal operation conditions depend on the influent composition, specially the TAN influent load. To overcome this situation, a supervisory layer was proposed by Volcke et al. (2006) [12] . In this structure (Fig.6) , the effluent TNN/TAN ratio is controlled by manipulating the DO set point. This cascade control loop can affect the microbial activity of AOB to convert more or less TAN when the effluent TNN/TAN ratio droops below or gets over 1.3, respectively. The ratio controller is tuned according to the IMC guidelines and the tuning parameters are shown in Table 5 .
<Figure 6>
In the Anammox reactor only pH is controlled. This strategy can effectively regulate the reactor operation but fails to address the control objective of maximizing nitrogen removal. In principle, if the TNN/TAN ratio in the feed to the Anammox reactor is kept at the optimum value, the removal of nitrogen is maximized. However, this design ratio may vary in the dynamic operation for a number of reasons: heterotrophic activity that denitrifies the influent nitrite and hence changes the relative amounts of nitrogen compounds or variation on microbial activity due to adaptation to the media or inhibition. In order to tackle those factors, a nested cascaded structure is proposed (Fig.7) where a master loop modifies the TNN/TAN ratio set point according to the concentration of nitrite and ammonia in the Anammox reactor. The objective of this control loop is to minimize the effluent nitrogen concentration. For this purpose, TAN and TNN are measured in the Anammox reactor. The controller works with the difference between TNN and TAN. The difference between TNN and TAN should be as close as possible to 0, indicating that the influent loads of both nitrogen species are well balanced for the Anammox performance. In case there is TAN in the reactor, the controller increases the TNN/TAN ratio set point, while if TNN is present the TNN/TAN ratio is lowered. In case both TNN and TAN are high the control action will remain low, as the performance deviation is due to a limitation of the Anammox reactor, either because a process failure or to high incoming loads, and any change on the operability of the SHARON reactor will give a benefit. This new controller is also tuned using the IMC rules (Table 5 ). It must be borne in mind that the AnAOB bacteria, present in the second reactor, have a considerably slow growth rate. Hence, it is more convenient to reduce the disturbances upstream, before they upset the operation of the Anammox reactor. The nested cascade structure is indeed more complex than the others but the loops work at a very different frequency range, giving place to the needed time-scale separation for a suitable operation. <Figure 7> <Table 5>
Step 8. Evaluation
According to Fig.10A the control structures lead to a high nitrogen removal rate, as in all the 3 cases more than 85% of the influent ammonia is removed. We consider that this is an acceptable performance, as the main goal of this system is to reduce the nitrogen load back to the main line in the treatment plant, where the remaining nitrogen will be further removed by conventional nitrification/denitrification. <Table 6>
DISCUSSION
Since biological processes, as wastewater treatment, are characterized by the scarcity of MVs it is important to make the right pairing between the potential CVs and the available MVs. In this study, the selection of CVs is done in two stages. First, candidates for the CVs are combined in groups of two variables (i.e. number of available actuators) and the solution to the mixed sensitivity control problem defined in equation (6) is determined for all the possible combinations of two pairs of controlled variables. This task is used as a first screening in the selection of controlled variables as it provides a criterion (γ) that allows ordering the different alternatives in terms of controllability. Then, the best candidates are further analyzed using the RGA and in terms of disturbance rejection by CLDG plots. Following this procedure is well adapted to bioreactors because i) solving the mixed sensitivity control problem can be easily automatized (e.g. with command mixsyn from the Matlab Robust Control Toolbox); ii) automation of the CLDG plots revision is more difficult and usually requires visual inspection which requires a limited number of alternatives; and iii) even if the problem is combinatorial, the number of combinations to be tested is
which remains numerically manageable for wastewater treatment processes. In fact, given that the number of degrees of freedom in WWTP operation is usually low, the number of combinations can be approximated as O(nY nMV ). Therefore, the required computational time by a typical desktop PC to carry out this method is in the order of minutes. This methodology presents some advantages with regard to others that have been already applied in this field. For instance, H∞ takes into account one way interactions, while the RGA fails predicting them [29] . In previous work [33] the performance RGA has been proposed as an alternative to the RGA to overcome this failure. However, we recommend the use of H∞, as it provides a ranking of CVs within optimal control theory framework, which facilitates the pairing of CVs and MVs when the number of candidates to CVs is large. Furthermore, the use of robust control techniques ensures the applicability of the developed control structures in real systems, despite model mismatch due to high parameter uncertainty in biological models [34, 35] . The only drawback of this methodology is that, since γ values are dependent on the process, it is not possible to establish a threshold value to select the best pair of candidates for CVs. Therefore, it is suggested to combine this analysis together with other tools, like RGA (the discussed limitations of the RGA are overcome by it combination with H∞) or the CLDG plots. In the supporting information (SI-3 and SI-4) the RGAs and the CLDG plots for the next 3 best candidates for CVs (according to Table 3 ) are shown. RGAs show similar values and evident selection cannot be made based on them. This issue can be overcome by using the additional information from H∞, a metric which considers additionally measurement uncertainties. Hence a proper combination of H∞ and RGA tools support better generating promising candidates for regulatory control layer. Furthermore, the CLDG plots also confirm that the best possible pairing is the one proposed in Fig. 5 . Therefore, we believe that the proposed protocol is systematic and also robust, as the three combined tools drive the design towards the same optimal control structure.
The results of the evaluation of the three alternative control strategies indicate that the addition of the first cascaded loop improves the regulation of the process making the production of nitrogen (and thereby the nitrogen removal) robust to the influent disturbances. The addition of the second cascade does not have a major impact on the regulation of the process but it leads to a maximization of the nitrogen removal from the system improving the percentage of nitrogen removed in 3% of the total influent nitrogen (Table 6 ). Besides, the addition of the cascaded structures did not increase the regulation effort in the other loops as the TV of the pH loop actuator in the SHARON reactor has comparable values in the 3 cases. The chosen scenario, a CANR system fed with the effluent anaerobic digester, does not offer room for significant improvement by adding the second cascade. This is simply due to low organic carbon content in the effluent of the anaerobic digester at the treatment plant. In wastewaters where the organic load is higher, as landfill leachate or wastewaters from digested animal waste, the heterotrophic denitrification plays a more important role affecting the optimal balance between nitrite and ammonia to be fed to the Anammox reactor [1, 36] . Dynamic simulations with higher influent COD were performed to test this hypothesis (Fig. 8B) . As expected, the improvement on nitrogen removal by the nested cascade compared with the single cascade loop is more significant in the new scenario (nested cascade leads to 91% of nitrogen removal, while the cascade control leads to 84%). Surprisingly, the regulatory control layer outperforms the first cascade control loop (the regulatory control layer leads to a removal of 89% of the influent). Since the ratio controller is forcing to the SHARON reactor to provide a TNN/TAN ratio of 1.3, without considering the operation of the Anammox reactor, the overall system performance may be worse than when this ratio is uncontrolled. In the chosen scenario, TNN/TAN ratio is oscillating close to the actual demand by the Anammox reactor, thereby leading to a high nitrogen removal. Both the nested cascade and the cascade control strategies reduce by 40% the aeration costs in comparison to the regulatory control layer. The chemical dosing demanded by the cascade control structure is about 40% lower than the demanded by the regulatory control layer, while the nested cascade requires 4% more. Overall, for those scenarios where high influent COD load is expected, we consider that a feedback from the Anammox reactor to the upstream SHARON reactor would lead to a high benefit in comparison with the two simpler control structures.
<Figure 8>
The two cascade control structures using the optimal regulatory layer design based on H∞ are promising and can be transferred to industrial applications successfully as the required online sensors are commonly available, which includes DO, pH, TAN and TNN [17, 37] . Moreover, while process control in wastewater treatment plants is mainly relying on process engineering insights [38] , the developed control design methodology makes this work systematic and effective. In particular, the methodology incorporates modern control theory that is expected to give valuable scientific assurance and support to process engineers to develop optimal process control and operation for existing and new applications of this technology.
CONCLUSIONS
In this study, we use a stepwise assessment and design procedure to design the control system for the SHARON-Anammox process in two reactor configuration. Based on the results obtained, we conclude that
• A novel methodology incorporating H∞ method combined with the RGA and CLDG plots is successfully adapted and used to design the control structure for two stage CANR process.
• The design methodology is particularly suited to address an important challenge of multivariate control structure design in WWTPs, namely optimal pairing of a small number of MVs available with CVs that are typically too many to choose from.
• H∞ analysis is applied as a screening tool to rank and select the best candidates for CVs. The best CVs are further analyzed using the RGA to obtain proper paring of CVs with MVs which are then verified using the CLDG plots. As a result, we design a regulatory layer composed by five feedback control loops used to keep a stable DO, pH and HRT in both reactors. The regulatory control layer leads to a nitrogen removal of 89% of the influent ammonia.
• A first supervisory control structure is designed introducing a cascade control loop.
Controlling the TNN/TAN fed to the Anammox reactor by manipulating the DO controller set point yields to a nitrogen removal of 92%.
• A second supervisory control structure is proposed, including a new cascade loop nested to the TNN/TAN ratio controller. By measuring the TAN and TNN in the Anammox reactor, the operation in the upstream SHARON reactor is optimized, thereby removing 95% of the influent ammonia. This last control structure enhances the nitrogen removal in the system, while keeps a comparable TV in the pH control loop.
• When the system is operated under high influent COD loading conditions, the nested cascade performs best, leading to a nitrogen removal of 91%, while the single cascade perform worst, leading to a nitrogen removal of 84%.
It should be noted that the model-based optimization may induce changes on the reactors microbial community to an extent that the process dynamic model used for control evaluation may not be applicable [39] . Therefore, future research should address the implementation of the proposed control structures in lab scale reactors (see e.g. [6] ) before it is implemented in full scale systems. Step Output Validation of the control structure Table 2 : The biological model has been adapted from Vangsgaard et al. [1] . We use the commonly used Gujer matrix presentation of the model below. Table S1 shows the symbols and units of the different states, Table S2 shows the process rates, Table S3 shows the stoichiometry of the different processes and Table S4 and S5 show the parameter values. Henze et al., 2000 [7] Nitrite half saturation constant HB KNO2,HB 0.5 g COD m -3
Henze et al., 2000 [7] Nitrate half saturation constant HB KNO3,HB 0.5 g COD m -3
Henze et al., 2000 [7] Ammonium half saturation constant HB KTAN,HB 0.01 g N m -3
Henze et al., 2000 [7] Anoxic correction factor ηHB 0.8 -Henze et al., 2000 [7] Decay rate HB bHB 0.62e Absorption or stripping only applies for O2 and CO2. The partition coefficients of both components were determined by Henry's law (Eq. (7), [8] ).
where CG,i° is the compound concentration in gas phase, and mi is the Henry coefficient. CO2 stripping is modeled as function of the kLa for O2 (Eq. (8)), as suggested by Sin and Vanrolleghem [9] .
pH calculation and influence in the microbial growth rate:
The pH is determined solving the corresponding mass balances (Eq. (3)), equilibrium equations (Eq. (4)) and charge balance (Eq. (5)). The resulted system of 13 nonlinear equations is solved by a multidimensional Newton-Raphson method adapted from Vangsgaard et al. [10] . Henze et al., 2000 [7] Inert content in biomass fi 0.08 g COD (g COD)
Henze et al., 2000 [7] Nitrogen content in inert iNXI 0.06 g N (g COD)
Henze et al., 2000 [7] Nitrogen content in biomass iNXB 0.086 g N (g COD)
In order to account with the impact of pH on bacterial activity, maximum microbial growth rate of the different bacterial groups is modeled as suggested by van Hulle et al. [11] .
Simulink implementation of the SHARON-Anammox process:
Fig . S1 shows the Simulink implementation of the SHARON-Anammox sequence with the regulatory control layer. Starting from the left side, the first orange block is the SHARON reactor. The influent to the SHARON reactor is loaded from the workspace. The 2 inputs shown in the diagram are the actuators. On the upper side of the SHARON reactor, it is placed the feedback control loop to control the proton concentration (instead of pH). The control action calculated by the PI controlled is added to the default base influent flow rate. If after adding the control action the value becomes negative, it simulates the influent flow rate for the acid. On the lower side of the SHARON reactor, it is placed the feedback control loop for dissolved oxygen (DO). Since volume is variable (i.e. volume is a model state) the DO is estimated by dividing the total mass of oxygen in the reactor by the volume. The control action is added to the default kLa being the result always positive. The SHARON reactor is connected to a second orange block, which is the Anammox reactor. Below the Anammox reactor it is placed the pH control loop, which works as the pH control loop for the SHARON reactor. 
SI-2 Transfer function for the Anammox reactor (NaOH 50% flow rate is the input and pH is the output):
9.8356 • 10
6
(4.0514 + 1)
SI-3 Close loop disturbance gain plots:
In order to obtain the transfer functions a step disturbance is introduced in the system and the model output is fitted to first and second order models. The transfer functions are shown in table S6. 
